This study aimed to investigate the applicability of new low-cost activated carbons with a high surface area prepared by KOH chemical activation of jujube shells (denoted JSAC) as adsorbent of Chemical Organic Demand (COD) from wastewater.
Introduction
Nowadays, the development of human activities and population growth, conventional water resources are becoming increasingly limited, and the volumes of wastewater discharges are continually increasing. Wastewaters containing aromatic organic compounds (refractory, toxic and inhibitory) must be treated before they discharged into waste treatment systems. The discharge of raw wastewater poses a grave danger on the environment and human health if they are not properly collected, treated and safely disposed of.
In order to alleviate the effects of untreated wastewater on the environment and to reach the liquid discharge standards, various techniques, including filtration, coagulation-flocculation, chemical precipitation, membrane separation, adsorption, advanced oxidation process, bioremediation and electrochemical technologies, have been continuously developed to pursue efficient COD removal, which is a significant contaminant urban and/or industrial wastewater [1] [2] [3] . Among all of them, the adsorption process by activated carbon provides an attractive alternative treatment and is superior in water reuse, mainly due to its performance, simple design and easy use [4] [5] [6] . The cost of commercially activated carbon is relatively high 7 , and therefore the development and production of effective and low-cost activated carbon adsorbent of properties comparable to those of commercially available using less expensive and available agricultural waste for the removal of various pollutants such as COD from wastewater is attracting more and more attention from researchers [7] [8] [9] .
Among natural biomass, jujube (Ziziphus lotus) derived from agricultural by-products is found as a quite abundant species in several regions of Morocco at a low price and belongs to the family Rhamnaceae. Its fruits used in various fields (aid digestion, claimed to purify the blood) 10 , 11 has proven to be a promising type of precursor for the synthesis of activated carbon adsorbent to clean polluted water.
The objective of the present work is: (a) to prepare powder activated carbons from Moroccan Jujube shell (JSAC) by KOH-activation and (b) to investigate the applicability of this activated carbon as a low-cost adsorbent for the reduction of COD from the wastewater. The JSAC prepared activated carbons were characterized to determine their pore texture, surface chemistry, and adsorption performance in term of the removal of chemical oxygen demand (COD) and color.
Materials and Methods

Materials
Location of the sampling point Wastewater samples were taken upstream of the wastewater treatment plant (WWTP) from Fez city (Morocco), located about 10 km from the center of Fez city in the rural commune of Ain Bouali (province of Moulay Yaâcoub) (see Fig.1 ). The collected wastewater samples were stored into 25 L opaque containers, at 4°C to minimize the decomposition of organic matter due to microbial activity. The raw material was firstly ground and sieved to a particle size between 2 and 3 mm. Portions of jujube shells were mixed with KOH and water to obtain the slurry with a KOH/sample weight ratio of 2. The slurries were dried at 105°C for 48 h. Then, the mixture was activated in a stainless tube in a horizontal cylindrical furnace under N 2 flow (300 mL.min -1 ) at 300 °C for 2 h and then at 840 °C for 3 h at a heating rate of 5 °C. min -1 . Then, the tube was cooled to room temperature and the material obtained was washed with 0.1 M HCl following with distilled water until the pH value was close to neutral. Subsequently, the activated sample was dried at 105 °C for 12 h and crushed to 60 μm, stored for further experimental use.
Characterization of JSAC
The specific surface area and pore volume of JSAC were determined by nitrogen adsorptiondesorption isotherms at 77 K with a Micromeritics ASAP 2010 sorptometer. The BET surface area (S BET ) was calculated using the Brunauer-EmmettTeller (BET) equation in a relative pressure range of P/P 0 = 0.050-0.125.
In order to remove all physically adsorbed water molecules and other impurities, the JSAC sample was pretreated before analysis at 383K for 4 h under vacuum at <10 -2 Pa. The surface morphology of JSAC was analysed using scanning electron microscopy (SEM) on a LEO 435 VP by Field Effect Gun SEM (FEG SEM) using a JEOL 6700S with EDS detector (INCA system, Oxford Instrument). The determination of the concentration of the acid and basic functional groups in the JSAC adsorbent was carried out by the Boehm titration method 13 . Its principle is to place a mass of 0.1 g JSAC sample in opaque flasks each containing a solution of NaOH (0.1 M), NaHCO 3 (0.05 M), Na 2 CO 3 (0.05 M), and HCl (0.1 M). The vials are sealed and shaken at 200 rpm for 24 h at room temperature. Then, the supernatant is filtered, and the excess of base or acid was titrated with HCl (0.1M) or NaOH (0.1M) respectively. According to Boehm method, the number of acid and basic sites were determined under the assumption that NaOH neutralizes acid sites of different concentrations (carboxylic, lactonic, and phenolic groups) and that HCl neutralizes basic sites on the surface of the JSAC.
The pH of the zero charge point (pH PZC ) was determined according to the method reported by Stumm and Morgan 14 . A mass of JSAC sample was placed in contact with a series of opaque vials each containing 20 mL of NaCl solution (0.1 M), and their pH were adjusted to an initial pH ranging from 2 to 12 using HCl or NaOH solution. Nitrogen was bubbled through the solutions. The mixture is stirred for 72 h at room temperature, and the equilibrium pH of the solutions was then measured using a pHmeter. The pH PZC is determined graphically where pH final = pH initial .
Experimental procedure
Adsorption isotherm and kinetic experiments Adsorption experiments were conducted using a batch method. For which, a series of opaque vials containing 10 mg of the JSAC adsorbent material was added into 20 mL of wastewater solution. The mixtures were agitated at 200 rpm until the equilibrium was reached. At the end of each experiment, the separation of the two phases liquid and solid was carried out by the centrifugation at 5000 rpm for 10 minutes, and the supernatant was The total quantity of organic matter at the equilibrium (q e , mg.g -1 ) and any time (q t , mg.g -1 ) expressed as mg COD per gram of JSAC (q t,e , mg.g -1 ) were determined from a mass balance as follows:
Where C 0 (mg.L -1 ) and C t,e (mg.L -1 ) are concentrations of organic matter in the initial state and equilibrium respectively or at a time t. m is the mass of the JSAC adsorbent (g), and V is the total volume of the solution (L).
Analytical determinations
The physicochemical characterization of the wastewater was carried out by standard water and wastewater analysis methods 15 . Wastewater samples were analyzed before and after adsorption treatment.
Analyses of pH, conductivity (CE), turbidity, chemical oxygen demand (COD), biological oxygen demand (BOD 5 ) chlorides, nitrates, nitrites, UVvisible absorbance at wavelength 254 nm (UV 254 ) were carried out before treatment The UV-visible absorption measurements were obtained using a UV2300 II spectrophotometer equipped with quartz cuvettes with 1 cm optical path. The color index (CI) was obtained using the method described by Tizaoui et al. 16 . Before performing spectrophotometric measurements, the samples were filtered or decanted for at least 2 hours to avoid interference due to the presence of suspended matter. The color index is calculated from the absorption coefficients obtained at three different wavelengths in the visible spectrum range, 436 nm, 525 nm and 620 nm, as indicated in equation (2) 
With (3) Where Abs i represents the absorbance of the sample at wavelength i and x is the optical path of the cuvette. COD (mg O 2 .L -1 ) was determined from the closed reflux tube method (5220D) 17 , using a UV2300II spectrophotometer at a maximum wavelength of 600 nm.
Results and Discussion
Wastewater characterization
The physicochemical characterization of the raw wastewater from the Fez city are listed in Table 1 . Results presented in Table 1 showed that the wastewater of fez city is characterized by very high value in term of BOD 5 ) in comparison with the Moroccan standards for liquid discharges. The COD/BOD 5 ratio provides information on the biodegradability of the liquid effluent. Aromatic compounds have a remarkable content in the organic fraction of wastewater determined by measuring the absorbance at 254 nm (absorption at this wavelength is generally due to the presence of aromatic compounds, phenolic and fulvic compounds).
Another relevant point is some values of physicochemical parameters such as COD, and BOD 5 are lower than those found in the industrial wastewater studied by some researchers (Elçin Güneş et al. 17 and in the so-called complex wastewater studied by Chaouki et al. 18 , Al-Wabel and al 19 ). However, on the contrary, they are higher than the values found by W. Yang 20 . This difference in composition is mainly due to the different sources of wastewater discharge (industrial and/or domestic). The low COD and BOD 5 values in studied effluent can be explained by the dilution caused by domestic wastewater. The COD/BOD 5 ratio of 0.96 explains well the ease of biodegradation of studied liquid Characterisation of JSAC The adsorption-desorption isotherms of nitrogen characterize the JSAC material subject to this study at 77K illustrated in Figure 2 . The physical adsorption of N 2 on JSAC follows a type I isotherm with the existence of a horizontal isotherm characterizing an adsorbent saturation, and a low porosity or microporosity according to the IUJSAC classification. The micropores are filled at pressures that are lower the narrower their width 21, 22 . As previously indicated, this material has a very high surface are expressed in S BET of 1067 m 2 .g -1 , with an average pore diameter value of around 1.28 nm and porous volume of 0.34 cm 3 .g -1 .
Fig . 3 shows the SEM images of JSAC. According to Fig. 3a and b , it can be observed that JSAC is essentially microporous structure and development of a peculiar porous surface with the average diameter is about 1 nm.
The energy-dispersive X-Ray Spectroscopy (EDX spectrum) (Fig. 3c) obtained, shows that JSAC is mainly composed of O (72.3%), C (26.9%) and a small amount of P, Mg, Ca and K. Results of the quantitative analysis of the functional groups of the JSCA surface using the Boehm method are presented in Table 2 . The functional groups existing on the surface of the adsorbent have very important effects on the adsorption process since they act as active sites capable of interacting with organic molecules 23 . The pH value at the zero-charge point (pH PZC ) is determined when the correlation between the initial pH and ∆pH is zero 24 . The basic character of the JSAC is in agreement with the pH PZC value previously measured which is equal to 9. JSAC has the greatest content of basic groups (0.031 mmol.g -1 ). The presence of basic groups enhances the adsorption of organic compounds through the formation of an electron acceptor-donor complex. Concerning the acidic functional groups, the phenolic groups are the most important for the JSAC.
Thus, the material behaves as a substrate of positive surface charge when the pH of the solution is below pH PZC and vice versa. The deprotonation of oxygen-containing acid groups can explain the negative charge of JSAC at pH above pHPZC. 
Removal of COD in wastewater by adsorption
Effect of adsorbent dosage, pH and contact time on the removal of COD, UV 254 and color
The dose of the adsorbent is an essential factor that directly influences the cost of the adsorption process. Thus, in this study, the removal of the initial COD (390 mg O 2 . L -1 ) and turbidity (563 NTU) is performed by an adsorption process using a quantity of JSAC between 0-2 g.L -1 . Fig. 4 shows the evolution of COD and UV 254 reduction as a function of JSAC doses at 25°C. To further investigate the characteristics of organic matter, the absorbance values at 254 nm (UV 254nm ) are used here as an indicator of aromatic or conjugated double-bond compounds. It can be seen that an increase in the adsorbent dose from 0.25 g.L -1 to 0.5 g.L -1 leads to an increase in the removal efficiency of COD and decrease of UV 254 indicating that the adsorption process could partially remove aromatic compounds. Such results can be attributed to the higher availability of actives sites and the specific surface area. However, above 0.5 g.L -1 a further increase in the JSAC dose does not affect the removal of COD and UV 254 , which reflects the saturation of the adsorption sites. Also, the unavailability of adsorption sites where the JSAC dose exceeds 1 g.L -1 can be interpreted by the particle-particle interactions of the adsorbent forming aggregates which reduce the probability that organic molecules of the solution are adsorbed at the contact sites of the two particles 25 . Results indicate that the optimal JSAC adsorbent dosage for removal of COD is 0.5 g.L -1 . The UV-vis spectra of wastewater before and after adsorption treatment process on different doses of JSAC are shown in Figure 5 . For raw wastewater, strong adsorption takes place indicating the presence of a large amount of aromatic compounds. It is clear from the spectra that the absorbance of the UV-vis at the wavelengths range (200 -800 nm) decreases significantly after treatment by the adsorption process, thus changing the characteristic turbid color of the raw wastewater, which becomes clear after sludge separation. It should be noted that a significant reduction in color is achieved by this process, which is worth 83 %. This value is calculated by measuring the absorbance at three wavelengths in the visible range, namely 436 nm, 525 nm and 620 nm (see Eqs 2 and 3).
As can be seen, the adsorption treatment showed efficiency in the removal of COD, UV 254 and color with percentages of 72%, 67.61% and 83% respectively. Consequently, the treated wastewater meets the quality standards required by Morocco.
These results indicate that adsorption on JSAC could be used as a primary, secondary or tertiary process for wastewater treatment in the city of Fez.
It has been found that the pH of wastewater is the most important factor in determining adsorbateadsorbent interactions. The effect of initial solution pH on the COD removal in wastewater with JSAC was also studied by varying the pH from 2 to 12 at a constant JSAC dose (0.5 g.L -1 ), constant initial concentration of COD (390 mg O 2 .L -1 ) and temperature (25°C). The typical pH of the urban wastewater was about 7.5 and it was adjusted to the desired value by addition of dilute HCl or NaOH solutions.
The results of the equilibrium uptake as a function of pH for JSAC adsorbent are illustrated in Fig. 6 . As can be seen, JSAC showed a maximum removal percentage of COD (73.5%) with pH change between 6 and 10 (neutral pH domain). According to Cossu and Rossetti's 26 studies on complex wastewater, the fraction of organic matter most likely to be removed by activated carbon adsorption is due to fulvic acids with a molecular weight (100 to 10000 g.mol -1 ).
The pH effect on adsorption gave rise to three zones: (a) an increase in pH value from 2 to 6 shows an improvement in COD removal from 24.5% to 73. 5%, (b) then a stabilization of COD removal at 73.5% in the pH range between 6 and 10 and (c) finally a progressive decrease in removal efficiency at pH values above 10.
The gradual increase in COD removal percentages as a function of solution pH (2-6) can be attributed to the presence of H 3 O + ions. This, in turn, neutralized the negatively charged adsorbent surface, thereby reducing hindrance to the diffusion of organic molecules. At high pH, the reduction in adsorption capacity of JSAC may be possible due to the abundance of OH -ions which obstruct the diffusion of organic (contributing to COD) ions 27 . Such interactions can mutually inhibit the adsorption of organic matter on the JSAC. Das et al has also reported similar observations. In order to investigate the minimum contact time for high amount adsorption of COD, adsorption experiments of COD from wastewater were performed at different time intervals, keeping constant volume (V=500 mL), the initial concentration of COD (390 mg O 2 .L -1 ) at room temperature and applying a dose of JSAC of 0.5 g.L -1 . Fig. 7 shows the evolution of the amount of COD adsorbed onto JSAC as a function of contact time. Figure 7 explains the availability of accessible sites 28 and confirmed strong interactions between the COD and the adsorbent. As the treatment time progressed, the adsorbent sites had the tendency towards saturation and the process becomes slower. This phenomenon can be related to a reduction in the quantity instantly adsorbed by JSAC adsorbent due to the absence of easily accessible sites for the organic matter uptake, which in turn leads to film diffusion 29 .
In order to understand the behavior of the JSAC adsorbent towards COD and to better control the mechanism during the adsorption process, two models were adopted to process the experimental data. A first-order and second-order pseudo were analyzed as a function of the regression coefficient (R 2 ), and the amount of COD adsorbed at equilibrium (q e ). The parameters presented in Table 3 characterizing the kinetic models were calculated using the Origin software. From Table 3 , it can be seen that the values of the coefficient of determination (R 2 ) of the models studied to confirm that the pseudo-second-order model describes the experimental data (R 2~0 .98) very well with a calculated value of the adsorption capacity variable (q e ) very close to the experimental capacity. 
Adsorption isotherms
The adsorption isotherm indicates how the adsorbate molecules are distributed between the liquid and solid phases when the adsorption process reaches the equilibrium and used for the optimization, design and sizing of the adsorption process. Fig. 8 represents the amount adsorbed COD onto JSAC at the equilibrium (q e ) as a function of the COD concentration of at equilibrium. It is important to note that the experimental data on COD adsorption at three different temperatures of 25°C, 30°C and 35°C can be linked to the models described by the Langmuir 32 adsorption isotherms (see Fig. 8 ). Values for the determined parameters of the model studied are listed in Table 4 .
In this work, adsorption isotherms express the adsorption of COD quantities by mass of JSAC, q e (mg.g As shown in Figure 8 , the Langmuir model closely describes the COD adsorption equilibrium data on JSAC at all three temperatures with significant coefficient R 2 (see Table 4 ). The correlation coefficient R 2 is higher than 0.98, meaning that Langmuir isotherm can be used satisfactorily to describe the adsorption of COD from wastewater on JSAC. The results show that the amount of COD adsorbed experimentally at equilibrium on JSAC at room temperature is about 1000 mg O 2 g -1 . It can also be noted that maximum adsorption capacity (q m ) increased with increase in temperature from 1000 mg O 2 g -1 to 1429 mg O 2 g -1 , which inferred that the adsorption of COD on JSAC might be endothermic. This is due to the increase in the kinetic energy availability at the active sites of the JSAC adsorbent. Also, they are raising the solution temperature results in expansion of the pores within the adsorbent particles, which in turn enhances the adsorption capacity. In this study, the adsorbent used showed a high adsorbent capacity for COD at 25°C compared with the results obtained with other adsorbents of different nature fro COD removal and in the same ones as reported in the literature 6, [33] [34] [35] [36] [37] [38] [39] [40] .
Conclusions
Results show that the adsorption of COD onto locally prepared jujube shells activated carbon (JSAC) to be an efficient and promising method for the treatment of wastewater obtained from Fez city. The efficiency of the process is evaluated in terms of COD and color removal. Adsorption process onto JSAC leads to an enhancement on COD and color of 72% and 83%, respectively. The adsorption of COD onto JSAC was best fitted by the pseudo-secondorder model, and the equilibrium data followed the Langmuir isotherm model, with a monolayer adsorption capacity of 1000 mg.g -1 at 25°C. Results indicated that the adsorption process using a new low cost activated carbon derived from jujube shells is an efficient and promising method for the treatment of organic molecules from wastewater from Fez city.
